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The purpose of the report is to investigate the ability of the Fluent 6.3 k-ε Realizable turbulence model
with standard wall functions to model the flow around the front wing of Cal Poly’s 2008 Formula SAE car.
The three primary areas of interest are ground effects, the wing wheel interaction, and the wing tip vortices.
Fluent was successful at modeling the increase suction from the ground effects, and the upwash due to the
wing tip vortices. The results also displayed how the high pressure region in front of the tire propagates
forward and interacts with the pressure distribution around the wing. However, Fluent did not predict any
separation on the wing in front of the tire, which should be present due to the high pressure region. An
experimental wing with pressure taps to record the CP distributions around the wing was created and
mounted to the car for a track test to validate the computational results. The test has been saved for future
work due to mechanical issues with the engine, preventing the Formula SAE team from running the car. The
manufacturing process for the wing is also documented, because the Formula SAE team has never made a
test wing with pressure ports before. Additionally instead of using traditional foam molds, plaster molds were
created for the lay-up in an effort to reduce lead time. The plaster molds took more time to prepare than the
foam ones. However time could be save, because the aerodynamics sub team didn’t have to wait for the CNC
router and a technician to cut the mold. The quality and surface finish of the final part was acceptable for a
race wing.
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II. Introduction

A

erodynamics play a vital role in the performance of open-wheel race cars. The goal of a racing team is to
design a car that can complete a circuit in the fastest lap time. Current racing configurations show adding an
aerodynamic package to a car improves the cars performance and allows the car to produce faster times.
Aerodynamic devices create downforce, which can significantly increase the car’s normal force for a small increase
in mass. As a result, the car is capable of achieving the same lateral forces as a heavier car, but because the car is
lighter it is capable of greater lateral acceleration, so it can corner faster. Figure 1 illustrates how increasing the
aerodynamic downforce increases the speed a car can travel through a turns of different radii. Another benefit is the
car with aerodynamics can accelerate faster than a heavier car with the same normal force, because it has less mass.
Figure 2 shows adding downforce also allows the car to break in shorter distances, because of the increased normal
force. Another point to note is the effect of CL on breaking increases with velocity, because at greater velocities the
aerodynamic devices create more downforce. A small penalty is taken in straight-line speed from drag of the
aerodynamic devices, but the time is made up in the corners and under braking. To optimize the performance,
customized aerodynamic packages are outfitted to the car for each track if cost and the rules allow it.

Figure 1: The effect of downforce on cornering speeds3.

Figure 2: The effect of downforce on braking distance3.

Racing teams spend a lot of time improving the aerodynamics of their car, because it allows the driver to find an
extra 0.01 sec. per lap, which is often the difference between first and second place. To reduce the cost of
development, software, such as computational fluid dynamics (CFD), is used in the design phase. Designing
aerodynamic parts is an iterative process, where the initial designs are first run in CFD. The size of the CFD model
depends on the team’s budget, because running CFD is expensive and time consuming, and adding complexity to the
model increases the cost. If the CFD model shows improvement, the part will undergo wind tunnel testing, which
costs an order of magnitude more than CFD. Finally the part is put through track testing, which is even more
expensive than wind tunnel testing. Additionally, track testing is limited by racing regulations in most series, so only
new components the engineers are confident will improve the car’s performance are tested. Teams like to validate
their computer models with experimental tests because CFD is not always accurate and should be checked with past
results, theory, and experimental data. Currently the public domain lacks technical papers validating CFD models
with full-scale track tests for front wings in ground effects on open wheel race cars.
This paper focuses on validating the ability of the 3D CFD model to calculate the pressure distribution on the
front wing of the 2008 Cal Poly SLO Formula SAE car. The CFD model will be validated with a track test, because
a track test will capture all the interactions between the wing, car, and ground. The paper will investigate whether
Fluent’s k – ε Realizable turbulence model with standard wall functions is accurately predicting: ground effects, the
affects of the front tires on the flow around the wing, and the upwash around the wing tips. Ground effects is a
phenomena associated with wings in close proximity to the ground. Figure 3 shows as the distance between the
ground and the front wing decreases the downforce of the wing increases due to the venturi effect of the air having
to accelerate faster to accommodate the same mass flow rate through a smaller area. This effect is noticeable for
wings less than one chord length from the ground. However, Figure 3 reveals as the ground clearance becomes less
than 10% of the chord length, CL starts to decrease due to interference between the boundary layer of the wing and
the boundary layer of the ground3. Computational methods will have trouble accurately modeling the interaction
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between the two boundary layers due to the complicated flow regime2. The pressure distribution around the rotating
wheel, displayed in Figure 4, provides insight into the expected wing wheel interaction. The diagram reveals a high
pressure stagnation zone and recirculation region exists in front of the wheel. The high pressure region propagates
forward, which can cause the flow prematurely separate from the front wing decreasing suction on the lower surface
and increasing drag. The separation moves up the chord towards the leading edge as the distance between the wheel
and the wing decreases3.
Previous literature studies from the Cal Poly Formula SAE aero group have indicated the best model for the low
speed incompressible flow and complex geometry is a k – ε Realizable turbulence model with standard wall
functions. The car was meshed in ICEM and run in Fluent 6.3; both programs were created by ANSYS. An
experimental wing with pressure taps around the airfoil in three locations was constructed to examine the flow under
the nose, in clean air between the nose and tire, and in front of the tire. To validate the CFD model, a comparison
will be performed between the experimental and Fluent’s CP distribution.

Figure 4: Theoretical pressure coefficient and velocity
around a wheel in freestream air3.
Figure 3: Effect of ground proximity on the lift of a wing3.

III. Analysis
A. Experimental	
  Analysis	
  Equations	
  
The experimental analysis used Bernoulli’s equation for incompressible flow to derive an equation to calculate
freestream velocity from pressure, provided by the pitot-static probe mounted in the freestream, and density. In the
equation P is the pitot pressure and P∞ is the static pressure.
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The velocity from Bernoulli’s equation was used to calculate the freestream dynamic pressure.
!

!
!! = ! !!!

(2)

The difference between the pitot pressure and the static pressure at each port was nondimensionalized by the
freestream dynamic pressure to obtain the coefficient of pressure, which is used in comparison against the CFD
results.
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(3)

B. Computational	
  Analysis	
  Equations	
  
Fluent 6.3 solves Reynolds-averaged Navier-Stokes equations (RANS) to model the flow-field. These equations
are based off the fundamental physics equations for conservation of mass, momentum, and energy.
The continuity equations models the mass flux across a control volume (cell) to ensure mass is neither create nor
destroyed. In equation (4) the first term represents the time rate of change in mass for the cell, and the second term
represents the time rate change in mass due to convection.
!"
!"

+ ∇ ∙ !" = 0

(4)

The momentum equation accounts for conservation of momentum using the differential equations in equations 5-7
for the x, y, and z direction respectively. The first term represents the time rate of change in momentum into the cell.
The second term represents the change in momentum due to convection. The third term represents changes due to
pressure forces. The fourth term represents changes due to body force. The fifth term represents changes due to
viscous forces.
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The energy equation establishes conservation of energy, which dictates energy cannot be created nor destroyed; it
can only change forms. In the CFD model the flow is assumed to be incompressible, therefore there is no need to
solve the energy eqaution1. As a result the Fluent model used the ‘SIMPLE’ pressure-based segregated algorithm
recommended for steady-state calculations to decouple pressure and velocity terms10.
The k – ε Realizable model solves for two turbulence equations, which are variations of the transport equation.
Equation 8 is for k, which accounts for the kinetic energy in the turbulence. Equation 9 is for ε, which calculates the
dissipation of the turbulence. In the equations C1ε, C2ε, σk, σε are model constants.
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(8)

(9)

IV. Instrumentation and Procedure
A. Computational Simulation
A solid model of the car was created in SolidWorks out of surfaces by the Formula SAE team. The computers
used for the Fluent solver had 8 cores at 2.4 GHz each and 16 Gb of ram. To optimize the run time efforts were
made to restrict the mesh to 250,000 cells for every 1 Gb of ram, limiting the model to 4 million cells. Steps were
taken to reduce the cell count of the model shown in Figure 5. The geometry was simplified to remove sharp corners
and tight radii, which require increased cell densities to mesh. Small components behind the monocoque were
removed, because the flow behind the tub is far enough
downstream that it will have a negligible effect on the
air over the front wing. A half car CAD was used,
Y
which allows for twice the cell density on one half of
X
the car. A cut plane was created to replicate the
symmetry for the right side of the car, and the results
are mirrored for the right half. Figure 5 also shows the
Z
coordinate system where the x direction runs the length
of the car, the y direction is normal to the ground
plane, and the z direction is normal to the cut plane.
The FX 63-137 wing was mounted in the meshing
Figure 5: Simplified SolidWorks car model.
process at a 0 degrees angle of attack. The wing has a
span of 0.635 m and a chord length of 0.433 m.
The car was meshed in ICEM with an unstructured tetrahedral mesh of 3.25 million cells around the car, and a
structured hexahedral mesh of 1 million cells for the domain producing a total mesh size of 4.25 million cells. An
unstructured mesh is required around the car to limit skewed cells due to the complex geometry, which requires both
high density and low density cell regions around the car. The tetrahedral mesh of the car is displayed in Figure 6 and
a close up cut plane of the wheel and wing is displayed in Figure 7. After several smoothing iterations the mesh had
29 cells with a quality less than 0.05 with a lowest cell quality of 0.00609. However, all of these cells were behind
the driver where the space frame meets the chassis, so they are located far enough downstream that they would not
affect the flow around the wing. The lowest quality cells around the wing occur where the wing intersects the
chassis with a minimum cell quality greater than 0.15. The close up cut plane of the wheel and wing show the cells
used to obtain high resolution results. Two prism layers with a growth ratio of 1.2 were grown around the wheel and
the car to model the boundary layer more accurately. More prism layers are desirable to increase the resolution of
flow over the surface, but increasing the number of layers caused them to interfere with the cells grown between the
car and the ground. The interference produced skewed cells that would cause convergence problem for the results.
Additionally, one to three prism layers were grown on the all the other components of the car and the ground under
the car. For the smoothing iterations the prism layers were frozen so they would not get skewed to provide the best
boundary layer.

Figure 6: Final car unstructured mesh
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Figure 7: Mesh cut plane of wheel and front wing.

A structured mesh was used for the domain, because the cells grow uniformly around the car, as displayed in
Figure 8. Since flow propagates both upstream and downstream it is important to have a sufficiently large domain to
capture the full effect of the flow. As a result the domain was designed for a distance of four car lengths in front,
four car heights above, three car width out from the cut plane, and six car lengths behind the car. To reduce cell
count in the farfield, which does not require high resolution, the hexahedrals in the structured mesh grow at a rate of
5% moving forward from the car in the x direction, above the car in the y direction, and out from the cut plane in the
z direction. However, higher resolution is desired downstream to model the wake of the flow coming off the car, so
the growth rate was reduced to 3% in the x direction behind the car. Around the unstructured domain the hexahedral
cells are spaced uniformly and have the same base length as the tetrahedral cells to merge the hybrid structured and
unstructured mesh.

Figure 8: Structured hexahedral domain mesh.

The mesh was imported into the Fluent 6.3 solver. Several turbulence models are available in Fluent. Through a
literature search and on recommendation of previous Formula SAE students, the k – ε Realizable viscous solver was
selected due to its high correlation with experimental data8. Wall functions were used to calculate the boundary layer
around the car and the model was run twice to obtain a y+ value close to 150. Figure 9 shows the actual y+ values
for the second run are between 20 and 350 for the main components on the car affecting the airflow over the wing.
To help the solution converge and to improve the boundary layer formation, the ‘velocity-inlet’ was initialized at 35
m/s while the experimental test was set to run at 18 m/s. This is possible, because the difference of running the
experimental and computational simulations at different velocities can be eliminated by nondimensionalizing the
pressure readings. Behind the car a ‘pressure-outlet’ was set for the exit conditions. Once all the conditions were set
properly, the model was run with double precision to improve the accuracy of the results.
7
California Polytechnic State University – San Luis Obispo

Figure 9: Y+ values for the main components of the car.

Figure 10 shows the residuals were monitored for convergence to ensure the results reached a steady state. The
convergence criteria was set to 10-3 for all the residuals except epsilon, which was set to 10-6 as specified by the user
guide10. The k and epsilon residuals were unable to converge to 10-3 and 10-6 respectively. This is due to the
complex geometry of the car, which causes large separation regions that Fluent has trouble modeling with any
solver. The plot shows all the residuals level out after 800 iterations and the code continues running for the full 2000
iterations that the case was set to run for with no significant improvement.

Figure 10: Residuals plot of convergence.

B. Experimental Procedures
The Wortmann FX 63-137 wing was constructed out of fiberglass in six components: upper surface, lower
surface, leading edge, trailing edge, spar, and ribs. Typically the formula team uses foam molds for lay ups, however
8
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for the experimental wing plaster molds were tested to reduce lead time. Manufacturing foam molds can experience
delays, because the process depends the CNC router’s and a technician’s availability to cut the foam.
To make the molds, plaster was poured in a wood trough
and a metal stencil was cutout out on a CNC plasma cutter of
the desired airfoil section. The stencil was guided through the
plaster on rails to achieve the desired shape. After which, the
molds were left to set for 7 days. Holes were filled with the gap
filler Bondo, and high points were sanded down flush with the
rest of the surface. The sanding process went up to 600 grit
sand paper to produce a smooth surface to lay-up the fiberglass
on. A sheet of Mylar was laid over the plaster to further smooth
out any raised or sunken spots in the mold.
The plaster molds were used to perform a vacuum resin
infused (VRI) lay-up on the upper skin, lower skin, leading
edge, and spar. For the lay-up Mylar was laid on top of the
mold followed by fiberglass, peel ply, flow media, and vacuum
bag was taped down on top to create an airtight seal. The flow
media provides a space for the resin to move around under a
vacuum, and the peel ply makes it easier to separate the
fiberglass from the flow media after the lay-up. For the VRI
lay-up the resin was fed in through three ports and drawn
across the fabric with a vacuum mounted on the opposite side
of the mold as shown in Figure 11. The three orange arrows
show the locations of the resin inlets, and the blue arrow shows
the location of the vacuum outlet. The seal from the vacuum
Figure 11: Upper surface VRI lay-up with resin
eliminates air from the mold providing pressure from the
inlet illustrated with orange arrows, and vacuum
atmosphere to help the part cure. Cure times depend on the
outlet illustrated with blue arrow.
resin hardener combinations, which for this case was 15 hours
before the vacuum seal was broken and the part was left for an
additional 7 days before machined.
The ribs were manufactured by performing a wet lay-up on a honeycomb Nomex core with fiberglass on each
side. A VRI lay-up will produce parts with a better resin to fiberglass ratio, but cannot be done with a Nomex core in
one lay-up due to the gaps in a honeycomb. For a wet lay-up resin is poured onto fiberglass and worked into the
cloth with spatulas. The layers are stacked on top of each other with peel ply on the outside to help release the
fiberglass from the vacuum bag. Figure 12 shows the resin was then cured under vacuum seal to apply pressure, with
more weights added to the top of the part to prevent it from bending under the vacuum. The ribs were cut out of the
final piece using the metal blade on a band saw, which did not delaminate the fiberglass. The components for the
wing were glued together with 3M DP 460 structural epoxy, and irregularities in the skins were filled with glazing
putty and sanded smooth. After which the wing was painted to further improve the surface finish. A smooth surface
finish is very important so irregularities don’t prematurely trip the laminar flow to turbulent. Fluent assumes a
smooth surface so a tripped boundary layer can introduce error when comparing the two results.

Figure 12: Wet lay of fiberglass with a Nomex core curing.
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To compare the CFD results with the experimental results, pressure taps were placed around the wing, because
they provide a qualitative understanding of how the air is behaving around the wing. Pressure tap locations are
displayed in Figure 13 by the red lines. The pressure taps were placed in front of the tire to measure the wing tire
interaction (tire), under the nose to study the effects of the body on
the airflow (nose), and between the tire and nose where the wing
has little interaction with other parts of the car (mid). Tap positions
in percent chord were selected using a 2D CFD Cp plot. In general
regions around the airfoil with high pressure gradients have higher
port densities to reduce interpolation error5. Eighteen pressure ports
were placed in front of the tire, seventeen at the mid section, and
nine under the nose for a total of forty-four ports on the wing. The
pressure ports’ locations around the airfoil are displayed in
Appendix A. The tire section has one more pressure port than the
mid section located at the trailing edge to help examine the wing
tire interaction.
Figure 13: Pressure tap locations marked by
Finding the locations for the holes was not a trivial task due to
red lines from left to right: tire, nose, mid.
curvature in the geometry. Additionally some areas had
overlapping skins where the holes had to line up, specifically between the leading edge and the upper surface, and
the leading edge and lower surface. Two methods were used to ensure the correct location was selected for the
pressure port. First masking tape was laid over the surface with the appropriate locations marked on it. Second a
cross section of the FX 63-137 airfoil was printed out of from SolidWorks with the port locations, which was used
as a template from the side of the wing. The size of the hole was drilled at 3/32 inch, the same size as the outer
diameter of the tubing to ensure a snug fit.
The ports are connected to four pressure transducers through 1/32 inch internal diameter tubing, which was glued
into the skin and cut flush to the surface. A fifth pressure transducers was attached to a pitot-static tube mounted on
the body just in front of the tires where it sees freestream air according to the CFD results. A level was used to
ensure the probe was mounted at 0 degrees and cloth was placed around the base of the probe to damp out vibrations
from the car. Figure 14 shows an image of the experimental wing mounted on the 2008 Formula SAE car at a 0
degrees angle of attack, where the orange arrow denotes the location of the pitot-static probe just in front for the car
number 32 decal. The pitot-static probe will be used to calculate the velocity of each run to nondimensionalize the
data. Holes were drilled in the ribs to feed the tubing to the center of the wing and up through the nose, which
concealed them from the flow so they would not interfere with the data as shown in Figure 14. The tubes run to the
driver’s lap where they are connected to the pressure transducers, so the ports can be quickly changed between runs
while downloading the data.
The test was set to run in a straight line at 18 m/s in
both directions on the track so the results can be corrected
for wind and checked for irregularities. A Matlab function,
shown in Appendix B, was written to plot the pressure
coefficient after each run to compare the test results with
the CFD CP plot, displayed in Figure 26, to look for any
discrepancies in the data that might indicate problems that
occurred during testing. It’s important to run the test on a
calm day with minimal wind, because the pressure
transducers will see wind as an apparent velocity, which
could skew the results even after nondimensionalizing the
pressure. Ideally all 44 ports would be measured on the
same run so every pressure reading is taken under the
same conditions. However the team only had five pressure
transducers to use. As a result, to obtain all the pressure
readings, the car will have to perform a minimum of 11
runs, with plans to repeat any runs that provide irregular
Figure 14: Experimental wing and car set up.
data. The pressure transducers were integrated into the
MoTec data acquisition system already on the car and are
set to sample at 200 Hz5. The MoTec software is set to calibrate the pressure transducers before the test. The data is
output into an Excel spreadsheet with a column of pressures for each port.
10
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A Scanivalve pressure transducer model # 8792 was considered to take the data points in sequence, but problems
arose when trying to integrate the system onto the car. First the equipment required more power than the car had
available. Even with an additional battery the Scanivalve did not integrate well with the MoTec data acquisition
system. Finally after attaching the transducer to an oscilloscope, the output showed a voltage spike occurred when
the ports switched, which would interfere with the results. As a result the Scanivalve system was deemed infeasible
for the track test.

V. Results and Discussion
A. Wing Construction Results
Using of plaster molds to manufacture the components for the wing was successful. The completed test wing
with the pressure tap locations marked with dotted lines and tubing installed is displayed in

Figure 15. The test wing manufactured with the plaster molds came out with a surface finish that was slightly
worse than the race wings. More bumps and ripples were present in the fiberglass than in previous wings laid-up on
foam molds. This is partly due to the use of mylar to obtain a smooth surface finish instead of Duratec, which is
expensive so the team wanted to save it for the race wing molds. The surface finish of the wing was improved for
testing using glazing putty to fill in the indents. However, it is preferable not to use glazing putting on the race wing
to reduce weight. The top image in Figure 15 shows abrasion on the lower surface from driving the car over bumps
with the wing on. Before the wing is used to record data the scratches need to be repaired with gap filler.
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New plaster molds with the Duratec surface finish were used later to fabricate the race wing. Before applying the
Duractec, three coats of Shellac were applied to the plaster to seal the mold so the Duratec was not absorbed into its
pores. After the Duratec was applied the mold was sanded up to 1000 grit sand paper. Normally wet sanding is
performed for the foam molds to obtain a high gloss finish. However, wet sanding is not possible with plaster molds,
because the water would cause the plaster to warp. The end result was the upper surface for the race wing, shown in
Figure 16, has comparable quality to the surface finish produced when laying-up on the foam molds with a Duratec
surface finish.

Figure 16: Carbon fiber race wing laid-up
on a plaster mold.

The plaster molds worked well for the components with low curvature: the upper surface, lower surface, and
spars. The overall preparation time was reduced, because there was no waiting for a person from a different sub
team to cut the molds. Plaster molds also make sanding easier, because the Bondo used to fill in holes sands at close
to the same rate as the plaster. Foam sands a lot fast than the Bondo, so it requires more skill when preparing foam
molds to prevent sanding through the Duratec and creating new holes in the foam.
There are also several drawbacks to working with plaster molds. For large molds requiring more than two 10 lb
bags of plaster the allotted work time becomes an issue to make the plaster and run the part template through before
it starts drying. This was only a problem for the second lower surface mold made on a hot day. The lower surface
has higher curvature than the upper surface, so it requires a deeper mold and a longer mixing time for the additional
plaster needed. To help reduce the amount of plaster required, the sides of the mold can be filled with planks of
wood or rocks. Another problem is plaster is brittle and the molds are prone to cracking under impacts experienced
with moving them. It takes 20% more time for surface preparation, because the mold does not start out as smooth as
a foam mold properly cut with the CNC router. Also a Shellac sealant has to be applied before the Duratec is
sprayed to prevent the plaster from absorbing it. Molds for high curvature and small parts were hard to prepare, and
the final part was prone to ripples and waves across the span as a result. Plaster molds cannot be used to make wings
with variable geometry or twist.
12
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Ultimately both foam and plaster molds provided a similar surface finish. The foam molds were easier to work
with and are the preferred method for manufacturing. To use time most efficiently, future wings can start with
plaster molds for the upper surface, while the foam molds for the other components are being cut. This
manufacturing process will allow the aero team to reduce the overall time to manufacture wings.

B. Computational Results
CFD analysis was performed in Fluent 6.3 to investigate the ability of the k – ε Realizable solver with wall
functions to model flow around the front wing in ground effects, and the wing tire interaction. Figure 17 displays the
coefficient of pressure for a plane through the center of the tire and the wing. The pressure distributions reveals a
high pressure region in front of the tire created because the air slows down. Then the pressure decreases as the flow
accelerates over the top of the tire causing the tire to create unwanted lift, which decreases the normal force. Behind
the tire a low pressure region is present, which creates drag. The pressure distribution of a rotating wheel agrees with
previous studies, and follows the same trends seen in Figure 4. Contours of high pressure are shown propagating
forward 0.48m from the stagnation point in front of the tire increasing the pressure after the ½ chord of the wing on
the upper surface. The high pressure presses down on the back of the wing to increase the downforce. A similar
trend is also experienced on the lower surface, but the high pressure region doesn’t propagate forward as far as on
the upper surface. This is due to the high suction on the lower surface, and a greater distance between the lower
surface and the high pressure region in front of the tire.
Figure 17 shows the stagnation point, illustrated in red, at the leading edge of the wing. The geometry of the
airfoil has a convex area at the front of the airfoil due to the high camber, so the air accelerates over the front third of
the upper surface. This creates a small suction region on the upper surface of the FX 63-137 airfoil.

Figure 17: Coefficient of pressure for wheel wing interaction.
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Figure	
  18 displays the coefficient of pressure across the upper surface of the wing and in front of the tire. The
darkest red point at the front of the tire reveals the stagnation point where V = 0 m/s and CP = 1. The 3D view shows
the pressure on the rear of the wing increases as it moves closer to the tire. Another pertinent point is the low
pressure region on the front edges of the tire. This region is due to air accelerating as it wraps around the inside and
outside walls of the tire, which is seen in Figure 30.

Figure	
  18:	
  Coefficient	
  of	
  pressure	
  on	
  the	
  wing's	
  upper	
  surface	
  and	
  front	
  tire.	
  

The wing was run in Fluent by itself in freestream conditions to compare with the wing mounted on the car in
ground effects. The CP distribution for the upper surface of the wing is displayed in Figure 19. Figure 20 displays the
same pressure coefficient distribution, except the color scale for CP is the same as in Figure	
  18. Comparison of the
upper surface in freestream and the upper surface mounted on the car show a similar trend where the CP increases
moving farther back on the chord. The main difference is Figure 20 reveals the pressure decreases moving from the
center of the span to the wing tip due to the upwash. However, Figure	
  18 shows the wheels negates some of this
effect by creating a new high pressure region close to the wing tip that increases the pressure over the upper surface
of the wing.
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Figure 19: CP distribution over the upper surface of the
wing in freestream air.

Figure 20: CP distribution over the upper surface of the
wing in freestream air with same contour colors as the car
case.

The coefficient of pressure is plotted for the lower
surface of the wing in Figure 21. A second stagnation
point occurs at the contact patch where the rubber meets
the ground. As a result the pressure increases on the
back of the wing in close proximity to the tire reducing
the suction. This indicates Fluent is capable of modeling
the expected high pressure from the wheel propagating
forward onto the wing. The dotted line shows the
suction peak occurs at 0.166 m from the leading edge.
Another pertinent characteristic of the wing the CP
increases moving in the spanwise direction out towards
the wing tip due to the vortices discussed later in Figure
27.

Figure 21: Coefficient of pressure contours on the lower surface of the wing.

Figure 22 shows the coefficient of pressure contours on the lower surface of the wing in freestream conditions.
The same CP distribution is displayed in Figure 23, but the color scale is set match Figure 21 to compare the wing in
freestream with the one mounted on the car. For the freestream case, the dotted line shows the suction peak in the
freestream case occurs at 0.148 m from the leading edge. This is 0.018 m farther back than seen in Figure 21 for the
wing in ground effects, which indicates there is small change in the CP distribution. A significant difference is seen
in the magnitude of CP where the wing in ground effects has a minimum CP = -3.01, while the wing in freestream
only has a minimum CP = -0.8. This means mounting FX 63-137 wing at a distance of 10% chord from the ground
increases the suction peak by 278%. How the increased suction affects drag and lift cannot be obtain from
comparison of the two models due to the modifications made to the wing mounted to the car. A report from Purdue
University stated from their CFD model that lift and drag both increased 47% for a Selig 1223 by placing the wing
in ground effects8. The difference in pressure distributions between the freestream and car mounted wings indicates
Fluent is capable of modeling a wing in ground effects.
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Figure 23: CP distribution over the lower surface of the wing
in freestream air with same contour colors as the car case.

Figure 22: CP distribution over the lower surface of the wing
in freestream air.

Velocity vectors of the flow around the wheel and wing are displayed in Figure 24. The vectors show the flow’s
velocity slows down as it reaches the stagnation point in front of the wheel. The flow then accelerates over the top of
the tire and enters an adverse pressure gradient on the back. In the adverse pressure gradient the flow separates at
θ=165 degrees (the sign conventions is displayed in Figure 4) and creates a large recirculation region behind the tire.
The separation produces a large drag force behind the wheel. Many vehicle and aircraft manufacturers will use
wheel fairings to reduce the drag for this reason. However in open wheel racing, such as Formula SAE, fairing the
wheels is prohibited in the regulations, so wing tip endplates and turning vains may be used to route some of the
flow around the tire to improve aerodynamics.

Figure 24: Velocity vector around airfoil and wheel.

Figure 25 shows a close up of contours around the trailing edge and in front of the wheel taken at the midpoint of
the tire for velocity in the x-direction. The blue and darker turquoise colors illustrate the areas that are experiencing
reverse flow. The contours show a region with reverse flow towards the trailing edge on the upper surface of the
airfoil, which indicates a recirculation bubble is present. Another area of recirculating flow is also seen at the contact
patch in front of the tire, similar to the one seen in Figure 4.
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Figure 25: Close up of the trailing edge and wheel velocity contours.

Figure 26 displays the CP distribution around FX 63-137 at the nose, mid, and tire locations illustrated in Figure
13. The CP values at the locations of the ports for the experimental wing can be found in Appendix C. The curves
will be used to compare the computational data with the experimental data. One characteristic to note was to
integrate the wing onto the car, the upper surface and part of the lower surface was removed from the section of
wing under the nose. As a result the green curve does not extend the full 0.433 m, and there are no pressure readings
for the upper surface. The CP at each of the three sections agrees with the pressure distribution displayed in Figure
21 where the 3D effects decreases the suction farther away from center of the wing under the nose.
The coefficient of pressure curves are also the best way to look for separation on the wing. Separation occurs
when the flow detaches from the surface and creates a reverse flow, which produces a large amount of drag. The
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Figure 26: CP distrubtion around the wing at 0 ft (green), 1.25 ft (red), and 2.0 ft (white) from the center line.

flow separates at the point where the slope of the CP curve around the airfoil goes to zero. The green curve for the
section under the nose separates the earliest at 0.37 m from the leading edge. The early separation occurs due to the
truncated airfoil and the transition from the airfoil to the chassis of the car. The red curve for the mid section in clean
air separates slightly later at 0.39m from the leading edge. Most notably Fluent shows the section in front of the
wheel does not separate on the lower surface. This result does not agree with theory that dictates the lower surface of
the wing in front of the tire should separate first, due to the large high pressure region created by the wheel3.
Additionally smoke visualization in Cal Poly wind tunnel shows the flow separates earlier in close proximity to the
wing tips due to the vortices. There is no clear reason why the flow is not separating in front of the wheel. The fact
that the flow is separating in the mid section rules out the possibility that the flow is not separating due to the low
angle of attack. Fluent’s inability to model the flow separation in front of the tire indicates the k – ε Realizable
viscous solver with wall functions cannot accurately model separation and the interaction between the wing and
rotating wheel. The future track test will show if the flow really does not separate in front of the wheel or if some
other phenomenon is present. It will also validate whether the CP distribution at the other two locations are correctly
modeled.
Figure 27 and Figure 28 show pathlines of the wing tip vortices on the lower and upper surfaces of the wing
respectively. As expected the high pressure flow on the upper surface of the wing moves towards the wing tip and
circulates around to the low pressure surface under the wing. The resulting motion accelerates the flow in a circular
motion to form vortices coming off the wing tip to form upwash. Figure 29 shows the vortices are low pressure due
to the fast moving air that continues to accelerate around the tires. One way to reduce the effect of upwash is the use
of endplates, which block some of the flow from circulating to the lower surface. Using endplates will increase the
lift and reduce the drag of the wing8.

Figure 27: Velocity pathlines of wing tip vortices on the lower surface.

Figure 28: Velocity pathlines of wing tip vortices coming off the upper surface.
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Figure 29: Pressure pathlines of wing tip vortices coming off the upper surface.

Figure 30 displays pathlines of how the airflow coming off the front wing interacts with the car. At the
location in front of the wheel the pathlines show as the air moves over the wing and approaches the wheel the flow
begins to slow down, shown in blue, due to the information propagating upstream from the stagnation point in front
of the tire. Additionally the pathlines begin to split in the z-axis with one half moving towards the inside of the tire
and the other half moving towards the outside of the tire. To ease the transition from wing to the wheel, endplates,
turning vains and baffles on open wheel race cars can also be used to direct the flow more smoothly around the tire.
This will help feed air to other aerodynamic or heat transfer devices further downstream.

Figure 30: Particle pathlines from the wing interacting with the car.

VI. Conclusions
The plaster molds provided a good race quality surface finish when Duratec is used to obtain the surface finish
on the molds. Plaster molds will work well for simple wings without variable twist geometry. By utilizing plaster
molds the aerodynamics sub team can start producing molds for simpler parts while waiting for the foam molds for
more complicated geometries to be cut using the CNC router. The amount of time saved creating plaster molds
depends on the number of parts waiting to be cut on the CNC router, and the availability of an experienced
technician to cut the foam mold. Therefore foam will be the preferred material to manufacture molds with, but
plaster may be used to save time when foam molds cannot be cut in a reasonable time frame.
The computational portion of the project showed the k – ε Realizable viscous solver with wall functions is
capable of modeling the effects of placing the wing in close ground proximity. The turbulence model also captured
the wing tip vortices due to the upwash. One area where Fluent’s k – ε solver appeared to fail was in modeling the
interaction between the tire and front wing. Literature review’s and theory indicates the flow on the lower surface of
the wing should separate early due to the large high pressure region from the wheel. However, the results showed
the section of the wing in front of the tire was the only section without separation.
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VII. Future Work
Track test with the experimental wing are required to validate the CFD results. Testing can begin once the
Formula SAE team gets the 2008 car working again, and the scratches on the wing are filled in. After the results are
validated more complicated multi-element wings with higher angles of attack should be investigated.

VIII. Appendix
A. Pressure Port Locations
To select the pressure port locations, a 2D CFD case was run for the FX 63-137 to determine the best locations
of the readings. Ports were placed on either side of the suction peak to improve the chances of getting a reading
close to the minimum CP while limiting the number of pressure ports required.
Figure 31 displays the location of the pressure ports around the wing in front of the tire. For
Figure 31, Figure 32, and Figure 33 the solid lines dictate the location on the lower surface and the dotted lines
lead to the locations on the upper surface.

Figure 31. In front of wheel pressure port locations
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Figure 32 shows the location of the pressure ports around the mid section of the wing.

Figure 32. Free air wing pressure port locations

Figure 33 displays the location of the pressure points mounted under the nose.

Figure 33: Under nose pressure port locations.
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B. Matlab Code for Coefficient of Pressure Calculations
The code is used to read in the data output from the MoTec data acquisition system, and plot the CP for each run.
The results are then compared with CFD CP distribution to determine if there are discrepancies between the
methods, and determine if another run is required.
close all; clear all; clc
% Read in .xls output from the data acquisistion
data = xlsread('pressure_data.xls');
% Store pressure port data in vectors
P1 = data(:,1); % local pressure 1
Pinf1 = data(:,2); % dynamic pressure 1
P2 = data(:,3); % local pressure 2
Pinf2 = data(:,4); % dynamic pressure 2
P3 = data(:,5); % local pressure 3
Pinf3 = data(:,6); % dynamic pressure 3
% Store pitot pressure data in vectors
P0 = data(:,7);
Pinf0 = data(:,8);
% Compute dynamic pressure
% temeperature and density are from the days Almanac
T = 518.7; % Temperature in deg Rankine
rho = 2.377; % Atmospheric density in slugs/ft^3
V = sqrt(2*(P0-Pinf0)/rho); % Compute velocity
q = 1/2*rho*V^2;
% Calculate coefficient of pressure for each port
Cp1 = (P1-Pinf1)/q;
Cp2 = (P1-Pinf1)/q;
Cp3 = (P1-Pinf1)/q;
% Plot coefficient of pressure over each run and use the GUI to determine
% the median
figure(1)
plot(length(P1),Cp1)
pr = sprintf('Cp');
print('-djpeg',pr)
figure(2)
plot(length(P2),Cp2)
pr = sprintf('Cp');
print('-djpeg',pr)
figure(3)
plot(length(P3),Cp3)
pr = sprintf('Cp');
print('-djpeg',pr)

C. Fluent’s CP Distribution
Table 1 displays the coefficient of pressure from the CFD results at each of the pressure ports on the
experimental wing.
Table 1: Coefficient of pressure from the CFD results.

Location
0.000
0.010
0.044

Lower Surface
Nose
Mid
0
0
-0.187
0.617
-1.674
-0.944

Tire
0
0.620
-0.415

Location
0.01
0.038
0.200

Upper Surface
Mid
-0.844
-0.406
0.058
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Tire
-0.762
-0.342
0.142

0.130
0.170
0.200
0.225
0.250
0.325
0.350
0.400
0.433

-2.797
-2.961
-2.176
-1.674
-0.448
-

-2.021
-2.222
-1.720
-1.355
-0.433
-0.260
-0.123
-0.104

-0.899
-0.972
-0.889
-0.753
-0.579
-0.095
-0.032
0.315
0.590

0.375
0.390

0.288
0.270

0.553
0.580
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